Glucocorticoid hormones enhance memory consolidation of hippocampus-dependent spatial/contextual learning, but little is known about their possible influence on the consolidation of procedural/implicit memory. Therefore, in this study we examined the effect of corticosterone (2, 5, or 10 ng) infused into the dorsal striatum of male Wistar rats immediately after training on either a cued or spatial version of the water maze. We found that corticosterone dosedependently enhanced 48-h retention of the cued training without affecting the retention of the spatial training. These findings indicate that corticosterone acts within the dorsal striatum to enhance memory consolidation of procedural/ implicit training.
It is well established that adrenocortical hormones, released during stressful stimulation, enhance the consolidation of memory of emotionally arousing experiences (de Kloet et al. 1999; Roozendaal 2000; Joëls et al. 2006; Sandi and Pinelo-Nava 2007; Roozendaal et al. 2008 ). Most studies have examined glucocorticoid effects on memory consolidation in relation to hippocampal function in experiments using tasks that have a strong spatial and/or contextual component, including water-maze spatial training, contextual fear conditioning, and inhibitory avoidance training (Roozendaal and McGaugh 1996; Pugh et al. 1997; Roozendaal et al. 1999a) . Similarly, studies in human subjects emphasized an involvement of cortisol in modulating the consolidation of declarative memory (Buchanan and Lovallo 2001; Abercrombie et al. 2003; Andreano and Cahill 2006; Kuhlmann and Wolf 2006) . However, growing evidence indicates that glucocorticoid hormones also enhance memory consolidation of training that does not appear to depend crucially on an intact hippocampus. We recently reported that glucocorticoids enhance the consolidation of memory of conditioned taste aversion training when infused into the insular cortex or basolateral complex of the amygdala, but not into the hippocampus (Miranda et al. 2008) . Other studies indicated that glucocorticoids administered systemically enhance memory consolidation of hippocampus-independent auditory cue fear conditioning (Zorawski and Killcross 2002; Hui et al. 2004 ) and object recognition (Okuda et al. 2004; Roozendaal et al. 2006) . Surprisingly little is known regarding a possible influence of glucocorticoids on the consolidation of memory of procedural or nondeclarative training. Although several studies have now reported that glucocorticoid administration, stress exposure, or an anxious emotional state, either shortly before training or before retention testing, shifts the relative use of spatial/declarative (''cognitive'') versus procedural/implicit (''habit'') response strategies (Kim et al. 2001; Schwabe et al. 2008 Schwabe et al. , 2009 Packard 2009a) , these studies did not investigate whether glucocorticoids affect the consolidation of procedural memory. Moreover, findings suggest that such a bias in learning strategy is predominantly attributable to a stress-induced alteration of hippocampal function rather than by a direct modulation of procedural performance (Packard 2009a) . Another study investigating the effects of glucocorticoids on human memory processing during sleep reported that the administration of the synthetic glucocorticoid dexamethasone shortly before sleep did not influence performance on an implicit mirror-tracing skills task as assessed several hours later (Plihal and Born 1999) .
We recently reported that corticosterone, the major endogenous glucocorticoid in rodents, infused into the dorsal striatum of rats immediately after inhibitory avoidance training, enhanced later retention of this experience (Medina et al. 2007 ). Extensive evidence indicates that learning and memory of procedural training depends critically on the dorsal striatum (i.e., caudate nucleus) (Packard and White 1991; Packard et al. 1994; Packard and Knowlton 2002; Prado-Alcalá et al. 2003; Wachter et al. 2009 ). As we found further that such a striatal administration of corticosterone did not enhance memory of the contextual representations of the apparatus or that of the shock experience per se, such findings suggest the possibility that the corticosterone might have enhanced memory of some procedural or implicit aspects of inhibitory avoidance training. However, as this could not be assessed directly, we now explicitly investigated whether glucocorticoids act in the dorsal striatum to enhance the consolidation of memory of procedural training. Thus, the present study investigated whether immediate post-training infusions of corticosterone administered into the dorsal striatum of rats influenced memory consolidation of training on a cued version of the water maze, a procedural learning task that is known to depend critically on functioning of the dorsal striatum (Packard et al. 1994; Packard and Knowlton 2002) . Other groups of rats received intrastriatal infusions of corticosterone immediately after training on a hippocampus-dependent spatial version of the task.
Adult male Wistar rats (250-350 g at the time of surgery) obtained from the breeding colony at the Instituto de Neurobiología, Universidad Nacional Autó noma de México, were kept individually in a temperature-controlled (24°C) colony room and maintained on a standard 12-h light/12-h dark cycle (07:00-1900 h lights on) with ad libitum access to food and water. Under sodium pentobarbital anesthesia (50 mg/kg, ip), bilateral guide cannulae (11-mm long; 23 gauge) were implanted into the anterior division of the dorsal striatum (coordinates: anteroposterior, 0.0 mm from bregma; mediolateral, 63.2 mm from midline; dorsoventral, À4.2 mm from skull surface) according to the atlas of Paxinos and Watson (1998) . The cannulae were affixed to the skull with two anchoring screws and dental cement. Stylets (11mm long 00-insect dissection pins) were inserted into each cannula to maintain patency and removed only for the infusion of drugs. The rats were allowed to recover for a minimum of 7 d before initiation of training.
For both cued and spatial training, the rats were trained in a water maze consisting of a black circular plastic tank, 1.54 m in diameter and 0.60 m in height. The tank was filled with water (25 6 1°C) to a depth of 21 cm. The maze was located in a room containing several salient extramaze cues. Four starting positions were equally spaced around the pool perimeter, dividing it into four quadrants. For cued training, the rat was placed in the tank at one of the four designated starting points, facing the wall, and allowed to escape onto a visible platform. The escape platform (20 3 20 cm) was made of Plexiglas and marked by a rubber ball mounted on top of the platform. After mounting the platform, the rat remained there for 20 sec and was then placed in a holding box for 30 sec until the start of the next trial. A total of eight trials were given and the platform was moved to a different location on each trial, such that each of the four quadrants contained the escape platform twice. The locations of the starting points were arranged such that distance to the escape platform (i.e., proximal or distal) and location of the platform relative to the starting point (i.e., left or right) were counterbalanced across trials. For spatial training, the escape platform was placed 25-cm away from the edge of the pool in a fixed location and was submerged 2 cm below the water surface and could not be seen by the rats. On both tasks, latencies to mount the escape platform were recorded using the Polytrack system (San Diego Instruments, Inc.) and used as a measure of acquisition. Retention on both tasks was tested 48 h after training and consisted of one additional trial; the latency to mount the escape platform on this trial was used as the measure of retention.
Corticosterone (2, 5, or 10 ng; Sigma-Aldrich) was administered into the dorsal striatum immediately after training on either task. Corticosterone was first dissolved in 100% ethanol and subsequently diluted in saline to reach the appropriate concentration. The final ethanol concentration was 2%. Bilateral infusions of drug or an equivalent volume of vehicle (2% ethanol in saline) into the dorsal striatum were made by using 30-gauge injection needles connected to 10-mL Hamilton microsyringes with polyethylene tubing. The injection needles protruded 1.0 mm beyond the tip of the cannulae and a 1.0-mL injection volume per hemisphere was infused over a period of 60 sec with an automated syringe pump (WPI, model 220i). The injection needles were retained within the guide cannulae for an additional 60 sec to maximize diffusion away from the injector tip.
Upon completion of behavioral testing, the rats were anesthetized with an overdose of sodium pentobarbital and perfused transcardially with isotonic saline, followed by 4% formaldehyde. After decapitation, the brains were removed and immersed in a 4% formaldehyde solution. Coronal sections of 50 mm were cut on a cryostat, stained with cresyl violet, and examined under a light microscope by an observer blind to drug treatment condition. Figure 1 shows the location of injection needle tips in the dorsal striatum of rats trained on the cued version of the water maze. Histological examination of rats trained on the spatial version of the task revealed similar results (data not shown). Six rats with improper injection needle placements were excluded from statistical analysis. Figure 2 shows escape latencies during the training session and the 48-h retention test of rats trained on the cued version of the water maze and given immediate post-training infusions of corticosterone into the dorsal striatum. Split-Plot ANOVA revealed that the four groups did not differ during training, before drug treatment (F (3,48) = 0.77, P = 0.52), but that there was a significant trial effect (F (7,336) = 29.47, P < 0.0001). The group 3 trial interaction was not statistically significant (F (21,336) = 0.90, P = 0.59). The animals learned the task as indicated by a progressive reduction of escape latencies during the course of training. Oneway ANOVA for escape latencies on the 48-h retention test indicated a highly significant treatment effect (F (3,48) = 5.96, P < 0.002). Post-hoc Duncan's range tests indicated that escape latencies of rats treated with the 5-ng dose of corticosterone were significantly shorter than those treated with vehicle (P < 0.01). Lower or higher doses of corticosterone did not significantly alter retention performance. Figure 3 shows the findings of the second experiment investigating whether immediate post-training infusions of corticosterone into the dorsal striatum enhance memory of spatial training on the water maze. Split-plot ANOVA for escape latencies during training revealed a significant trial effect (F (7,301) = 38.76; P < 0.0001), but no group effect (F (3,43) = 1.28; P = 0.29) or interaction between these two factors (F (21,301) = 0.82; P = 0.70). Moreover, one-way ANOVA for escape latencies on the 48-h retention test indicated no significant group effect (F (3,45) = 0.11, P = 0.95). Thus, these findings indicate that immediate post-training glucocorticoid administration into the dorsal striatum enhanced the retention of procedural/implicit training. The use of posttraining drug administration provides direct support for the view that the corticosterone affected memory consolidation and that the retention performance was thus not confounded by possible effects on attentional, motivational, or sensory-perceptual mechanisms at the time of training (McGaugh 1966) . Such a role of the dorsal striatum in regulating glucocorticoid effects on timedependent consolidation processes is consistent with previous evidence that post-training intrastriatal corticosterone infusions enhanced inhibitory avoidance retention when administered either immediately or 30 min, but not 60 min, after training (Medina et al. 2007) . In this previous study we found further that infusions of corticosterone given into the neocortex, immediately overlying the dorsal striatum, did not enhance inhibitory avoidance memory (Medina et al. 2007) , indicating that the corticosterone effect was mediated by actions in the dorsal striatum, and that the drug did not influence memory consolidation due to spreading along the cannula track. Another interesting finding was that the dose of corticosterone that enhanced memory consolidation of the cued water-maze training experience is the same as that used in the basolateral complex of the amygdala and insular cortex to effectively enhance memory consolidation of conditioned taste aversion learning (Miranda et al. 2008) , suggesting that these different forms of memory might be equally sensitive to the memory-modulating effects of glucocorticoids or stressful stimulation.
Our finding that the corticosterone effect on memory consolidation was dose-dependent is in agreement with that of many previous studies (Sandi and Rose 1997; Roozendaal et al. 1999b; Okuda et al. 2004; Medina et al. 2007) . Such an inverted U-shaped dose-response effect of corticosterone administration on memory consolidation has often been explained by a dose-dependent activation of the high-affinity mineralocorticoid receptor (MR) and the low-affinity glucocorticoid receptor (GR) (Lupien and McEwen 1997) . These two receptor types are known to often have opposite effects on neuroplasticity and cellular properties in the hippocampus (Joëls and de Kloet 1994) . However, whereas the dorsal striatum expresses a moderate density of GRs (Defiore and Turner 1983; Ahima and Harlan 1990; Ahima et al. 1991; Morimoto et al. 1996) , it is virtually devoid of MRs. Moreover, in a previous study we found that the specific GR antagonist RU 38486 administered into the dorsal striatum blocked the enhancing effect of concurrently administered corticosterone on memory consolidation of inhibitory avoidance (Medina et al. 2007 ). Such findings are consistent with the view that glucocorticoid effects on memory consolidation depend primarily on the GR (Oitzl and de Kloet 1992; Roozendaal and McGaugh 1996; Conrad et al. 1999) . Although the mechanism underlying this dose-response effect is unknown, the generality of such a bell-shaped curve across drug systems (e.g., Brioni et al. 1989; Roozendaal et al. 2007 ) strongly suggests that the ineffectiveness of higher doses in the present study is not caused by any specific characteristics of the corticosterone or its receptor.
The current finding that intrastriatal corticosterone administration enhanced the consolidation of memory of cued, but not spatial training in the water maze is consistent with the evidence that post-training infusions of several other drugs, including amphetamine, into the dorsal striatum selectively enhance memory consolidation of cued water-maze training (Packard et al. 1994 Packard 2009b) . Moreover, post-training drug administration into the dorsal striatum is known to influence the consolidation of memory of the use a procedural, habit-like search strategy on a plus maze (Packard 2009b) . In general, these findings are consistent with extensive evidence that the dorsal striatum is involved in the learning and memory of procedural or implicit forms of training. However, recent findings suggest that the dorsal striatum could be subdivided into several functional units that are involved in regulating different aspects of learning and memory: Whereas the dorsolateral division of the dorsal striatum is thought to be particularly involved in mediating procedural/implicit forms of learning and memory (Packard and White 1991; Packard et al. 1994; Packard and Knowlton 2002) , the dorsomedial region of the dorsal striatum may support hippocampus-based memories (Devan et al. 1999) . Although the infusion volume used in the present study was probably large enough to affect both areas and cannula placement in several rats was within the borders of the dorsomedial region, our finding that corticosterone infused into the dorsal striatum did not enhance memory of water-maze spatial training does not support a role for the dorsal striatum, or for glucocorticoid actions within the dorsal striatum, in hippocampusbased learning and memory.
In summary, the present findings indicate that glucocorticoids act in the dorsal striatum to enhance the consolidation of memory of procedural/implicit forms of learning and add to the view that glucocorticoid hormones have widespread effects throughout the brain to influence memory consolidation in various animal and human memory tasks. 
